Abstract Indium-doped zinc oxide (IZO) nanoparticles (NPs) are produced by pulsed laser ablation in liquid technique. The influence of indium doping on the sizing, structure, morphology and optical properties of nanoparticles was investigated using X-ray diffraction (XRD), transmission electron microscope (TEM), energy dispersive spectrum, UV-Visible and photoluminescence spectroscopies. The XRD results demonstrated that indiumdoped ZnO maintained a hexagonal wurtzite structure with a (002) preferential orientation. With reference to the TEM images, the particle size increased with an increase in the doping ratio, and the morphology varied from particle to aggregated spheres and then to NPs. The optical absorption spectra increased with an increase in In-doped concentration, while the band gap had reduced. In addition, the photoluminescence spectrum had a broad green emission from IZO nanoparticles.
Introduction
ZnO is a direct wide band gap (3.37 eV) semiconductor material, with high excitation binding of energy about 60 meV. Further, it is one of the II-VI semiconductor materials and hexagonal wurtzite crystal structure. Therefore, it has many applications in different fields (Ramamoorthy et al. 2016; Shinde et al. 2008; Chava and Kang 2017; Sugumaran et al. 2016; Poloju and Reddy 2013; Zubkins et al. 2013) to improve the electrical and optical properties of ZnO nanoparticles doped with different metals such as Al, Mg, Cd, In, and Sn by changing the band gap (Khashan and Mahdi 2017; Kumar et al. 2015; Bargougui et al. 2014; Yan et al. 2016) . Presently, various methods are being used for synthesis of indiumdoped zinc oxide nanostructures such as chemical vapor deposition (Sharma and Jeevanandam 2014) , chemical method (Khashan 2013; Ritala et al. 1996) , thermal evaporation (Poloju and Reddy 2013) , sol-gel (Zubkins et al. 2013) , atomic layer epitaxy (Naghavi et al. 2000) , pulsed laser deposition (Umer et al. 2012) , spray pyrolysis (Shinde et al. 2008 ) and wire explosion (Hamad et al. 2016 ). However, the various chemical reactions needed and low throughput rate are shortcomings of production. Additionally, the thermal plasma method needs a complex method system with a high energy density, particularly strong gradients between the medium that carries the deposition precursor and thus the environment. The wire explosion method is not conventionally used for common industrial functions that have common results and it is expensive. Additionally, it is impossible to use such a method explicitly for various metals. It is primarily useful for those metals of high electrical conductivity that are simply available, within the thin wire type. Among alternative methods, the PLAL method is a top-down technique utilized for synthesis of different nanoparticles, which offers several advantages over other methods. This is because it is simple, clean, does not need extreme temperature and pressure, and can generate a new phase of nanocrystals with new compounds of nanostructure. The size and shape of the nanoparticle synthesis by laser ablation in liquid depends on the ablation parameters such as laser fluence, pulse width, repetition rate, ablation time, wavelength and liquid depth. This involves creation of nanostructure material due to pulsed laser to target submerged in solution surroundings (Ritala et al. 1996; Naghavi et al. 2000; Umer et al. 2012; Hamad et al. 2016; Khashan and Mohsin 2015; Khashan and Abbas 2016) . Therefore, in this paper, the researchers have prepared colloidal of indium zinc oxide using laser ablation in liquid. The impacts of In doping on structural and optical properties were considered.
Experimental details
ZnO NPs suspension doping with different indium concentrations can be prepared using pulsed laser ablation in liquid (PLAL) methods. A pulsed Q-switched Nd: YAG nanosecond laser was used to produce the nanoparticles with the following parameters: wavelength k = 1064 nm, frequency f = 10 Hz and pulse width s = 9 ns. The nanoparticle preparation technique included two steps; the first one for zinc oxide nanoparticles preparation, was achieved via laser ablation of a zinc target that was placed in the bottom of the quartz vessel immersed in a constant de-ionized water volume (3 ml). This process was done using laser energy (80 mJ) with (10 min) ablation time. The second step of the doping process was achieved by replacing the zinc target with Indium plate using the surrounding liquid that contained the ZnO nanoparticles previously, and using the same laser energy with different ablation times 2-5 min. The target and glass container were rotated during the process. To get further information on the crystal structure of the prepared sample X-ray diffraction (XRD) technique (Philips PW, Japan), operation with Cu Ka radiation source at 2h angel = 10°-60°was used. The morphology, particle size and chemical compositions of the prepared sample were examined using transmission electron microscope (TEM) type CM10 PW 6020, Philips-Germany (Al-Nahrien University), and energy dispersive spectrum (EDS) spectroscopy. The optical absorption was obtained using the SHIMADZU (1800) double beam spectrophotometer. The photoluminescence spectrum of IZO NP samples was measured using CW (282 nm), with wavelengths in the range of 500-700 nm. Figure 1 confirms the XRD patterns of undoped ZnO NPs, doped with different indium concentrations, in which it can be noticed that the XRD patterns of IZO are similar with XRD of pure ZnO, and that they agree with standard cards of wurtzite structure (JCPDS: 00-036-1451 and JCPDS: 00-005-0642), due to similar ionic radii of In 3þ (0.26 Å ) and Zn 2þ (0.74 Å ) (Ritala et al. 1996) . ZnO and IZO films show a peak of (002) plane at 2h = 33°, which indicates that they have a preferential growth orientation along the caxis perpendicular to the substrate surface, and increase with increasing indium dopant concentration. This means enhancing the crystalline of sample with indium doping (Hafdallah et al. 2011) . At the same time, other peaks at 2h = 16. 29°, 29.75°, 31.80°, 36.43°, 39.20°, 43.86°and 45.53°corresponding to (200) , (222), (100), (101), (110), (420) and (431) plans, respectively, observed with lower intensities, are as per results shown in Table 1 and are in agreement with data in Ritala et al. (1996) , Umer et al. (2012) and Hafdallah et al. (2011) . These peaks increased with increasing In concentration doping. Further, shifting of these peaks was noticed to higher angles due to substitution of In 3? ions at the Zn 2? stits (Chen et al. 2005) . (002) peaks, which increased as In concentration increased indicating the degeneration of crystalline quality of the ZnO NPs. This agreed with reference (Chen et al. 2009 ). The crystalline size of prepared samples was calculated for different miller indices, using Scherrer's formula:
Results and discussion
, as shown in Fig. 3 . The crystalline size of (002) peak increased with an increase in indium content, which denotes that the Indium atoms were present at the ZnO lattice sites. Figure 4 shows the TEM images of the undoped suspensions of ZnO NPs, doping with different In concentrations and particle distributes. It was observed that the pure zinc oxide (0%) have nanostructures with sizing range from 1 to 11 nm and average size 2.9 nm. For ZnO NPs doped with (12%) In concentration, there were small spherical-like structures with particle size range 1-12 nm and average size 3.4 nm. Whereas, at 32% In concentration more particles of spherical-like structures with nanoparticle size ranging from 1 to 12 nm and average size 3.6 nm were detected. In addition, as exhibited from the images, with increasing In content, the morphology of products changed from particle to aggregated spheres and then NPs, and the particle sizes increased with an increase in the doping ratio. (Zubkins et al. 2013 ). This determines that the material is a mono-crystalline if, I cry % 1, and is poly-crystalline if, I cry [ 2 as shown in Table 2 . Figure 5 represents electron dispersive spectroscopy (EDS) analysis for zinc oxide doping with different indium concentration. It gives the weight percent of each ion, in particular Zn, O and In, ratio of In ions on Zn, and O atoms in the lattice as shown in Table 3 . Figure 6 shows the absorbance spectra for undoped ZnO nanoparticles, doped with different indium concentrations, where the peak broads around 300 nm, for pure ZnO NPs. After doping with indium, the absorption broad shifted a bit towards lower wavelengths in all doped samples, which means a red-shift in the absorption spectra (Tang et al. 2015) . Moreover, it can be noticed that the increased absorption intensity is due to higher scattering of light on the rough surfaces of the doped nanostructures, that increased as In concentration increased. Further, the synthesized NPs exhibited low absorption in the VIS range and high absorption in the UV range. This (2017) 7:589-596 593 high absorption in the UV region can be due to the fundamental absorption and involves electron transition from the valence to the conduction band that shows the band gap of the semiconductor (Chava and Kang 2017) . Figure 7 reveals the direct band gap values that were obtained by extrapolating the linear part in a plot (ahm) 2 against hm, the direct band gap semiconductor, which was given from the relation between the absorption coefficients, (a) and the incident photon energy (hv) given by ðahvÞ
noting that the energy gap of ZnO NP suspensions before doping is 3.29 eV and decreased to 3.25 eV after using different indium concentrations (Fig. 8) . These results were in good agreement with Chava and Kang (2017) and Tang et al. (2015) . The band gap E g shifts observed with doping, are due to concentration of majority carriers (Chava and Kang 2017) and changes in nanocrystal electronic structure. With regards to the semiconductor metal transition theory, the E g reduces when the impurity is higher than the Mott critical density (Wander et al. 2001) . Hence, doping leads to an obvious narrowing of the band gap. As the doped elements enter the ZnO crystal lattices, the localized band edge states form at the doped sites, with a reduction of E g (Morales et al. 2006; Mehra et al. 2016) . PL spectra of undoped and doped ZnO NPs were recorded at room temperature (excitation wavelength-282 nm) as shown in Fig. 9 . The undoped sample showed a very broad high intensity peak centered around 560 nm, corresponding to the blue-green emission and, four additional emissions of 562, 562.05, 563.97 and 562.94 nm were observed for In-doped samples. The emission band of IZO NPs is related to the recombination of photo-generated holes with singly ionized charge states in intrinsic defect such as oxygen vacancies, impurities or Zn interstitial (Chen et al. 2009 ). The remarked green emission may be attributed to several intrinsic defects such as the oxygen vacancies, zinc vacancy (V Zn ), oxygen antisite defects (O Zn ), and surface electron recombination in addition to donor-acceptor pairs. When increasing indium doping concentration, it shifts to shorter wavelengths due to the size increase. This agrees well with the TEM results (Sharma and Jeevanandam 2014) as well as the photoluminescence peak intensity of zinc oxide nanoparticle decreases after indium doping (Ritala et al. 1996) , which may be attributed to the increase in nonradiative recombination. Actually, this is the main reason for the narrowing of the optical band gap after indium doping, which may be attributed to conduction-band renormalization or a merging of the impurity band with the valence or conduction band (Mehra et al. 2016 ). The energy gap of IZO NPS is shown in Table 4 .
Conclusions
According to the analysis above, it can be concluded that the IZO nanoparticles were synthesized by the PLAL process with different In concentrations. Nanoparticles perform a particle-like structure and the surface morphology is controlled by the In content. The crystal quality-and c-axis-preferred orientation of nanoparticles was improved via In content, particularly at 32% In. The values of E g were decreased from 3.27 to 3.25 eV with an increase in In content. Finally, the photoluminescence result exhibited a broad green emission of IZO NPs.
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